Over the past two decades high-density DNA arrays have developed into a central technology for nucleic acid analyses. Important application areas include whole-genome gene expression studies, high throughput analyses of single nucleotide polymorphisms, and, most recently, the determination of binding site specificities for transcription factors and other critical elements involved in gene regulation. A key parameter in the performance of DNA arrays is the density of the surface-bound oligonucleotides, which strongly affects both thermodynamic and kinetic aspects of DNA hybridization. In this report, we describe an approach for the control of oligonucleotide density in photolithographically fabricated DNA arrays, based upon a controlled UV light deprotection procedure. Modulation of the UV exposure permits a desired degree of deprotection of surface synthesis sites; a subsequent capping reaction to inactivate the exposed sites leaves only a desired fraction of active sites remaining for synthesis, corresponding to a lower oligonucleotide density. It is shown that the procedure is reasonably general, in that it is readily transferable to alternative substrate materials with similar results.
Introduction
Planar arrays of oligonucleotide probes have brought fundamental changes in nucleic acid analysis, including genotyping, 1,2 resequencing, 3,4 genome-scale expression analysis, 5, 6 single nucleotide polymorphism (SNP) detection, 7-9 and sequence capture and enrichment. 10, 11 These studies are based on either hybridization of labeled nucleic acids to arrays or enzymatic reactions on array surfaces. Recent years have also seen emergence of the application of DNA arrays to molecular recognition studies. Sequence-recognition properties of DNA-binding proteins and small molecules have been determined on DNA arrays in a high-throughput fashion.
12-15
Surface oligonucleotide density is crucial for a wide variety of applications of DNA arrays. The hybridization of complementary strands of DNA, which is the basis of all arraybased techniques for nucleic acid analysis, is strongly dependent on surface oligonucleotide density both thermodynamically and kinetically. [16] [17] [18] [19] The thermodynamic stability of double-stranded DNA is not just a function of the nucleic acid sequences but is also affected by nearest-neighbor interactions or molecular crowding as determined in part by oligonucleotide density on the surface. 20, 21 Moreover, by affecting the kinetics of target/probe hybridization, surface oligonucleotide density plays an important role in the efficiency of duplex formation, as thermodynamic equilibrium may in some cases require excessively long incubation times. 16 Many groups have also reported the effects of surface oligonucleotide density on signal intensity, equilibration time, *To whom correspondence should be addressed: Fax (608)-265-6780; e-mail smith@chem.wisc.edu. and binding affinity for protein-DNA recognition studies on DNA arrays. [22] [23] [24] For DNA arrays fabricated by deposition and immobilization of presynthesized DNA sequences on functionalized substrates such as gold and glass slides, surface oligonucleotide density can be controlled by varying immobilization conditions, including presynthesized DNA strand concentration, solution ionic strength, interfacial electrostatic potential, whether duplex or single stranded oligonucleotides are used, and reaction time. 16, 22, 23, [25] [26] [27] During the immobilization, surface oligonucleotide density is mainly determined by the electrostatic attraction/repulsion between oligonucleotides and the surface and between oligonucleotides themselves as they become increasingly densely packed on the surface. Because of differences in the properties of various substrate materials, protocols for the control of surface oligonucleotide density are not generally transferable between different surfaces even when the same attachment chemistry is employed. Even for the same substrate material, reproducibility can be compromised by surface heterogeneity and other factors. It has also been demonstrated that nonelectrostatic effects, such as DNA conformation, flexibility, or length, can also play a role in determining the density of the immobilized oligonucleotide probes.
16,28
The situation is different, however, when arrays are prepared using in situ methods. 29 Light-directed oligonucleotide synthesis was the first such approach and remains the most widely used. It provides an efficient and versatile method for fabricating arrays with hundreds of thousands of different oligonucleotide sequences/cm 2 . [30] [31] [32] [33] Oligonucleotide building blocks with photolabile 5 0 -protecting groups such as 2-(2-nitrophenyl)propoxycarbonyl (NPPOC), 34 (methyl-2-nitropiperonyl)oxycarbonyl (MeNPOC), 33 or dimethoxybenzoincarbonate (DMBOC) 35 have been used for synthesis. After the initial coupling of a 5 0 -protected monomer to an appropriately modified surface, the 5 0 -protecting group is removed by irradiation with light, exposing a hydroxyl group for the reaction with a subsequent monomer. The use of such photolabile protecting groups allows the synthesis to be performed in a spatially addressable format.
Oligonucleotide densities on DNA arrays prepared using in situ methods are mainly determined by the properties of the substrates themselves and the chemistries employed for surface functionalization. 36 There have been very few reports on the control of oligonucleotide density for in situ synthesized DNA arrays. 20 We describe here an approach for the control of oligonucleotide density in the light-directed synthesis of DNA arrays. We first study the UV light exposure dose dependence of photodeprotection of NPPOC-protected oligonucleotide building blocks on glass. By controlling the UV light exposure dose on the surface and capping exposed hydroxyl groups with nonphotolabile groups, we are able to control the density of reactive sites for further phosphoramidite condensation with good reproducibility. Similar results are obtained on three different substrate materials where different attachment chemistries are employed, namely silane functionalized glass, UV photochemically functionalized amorphous carbon, 37 and glassy carbon, 38 indicating that the approach is generally applicable.
Materials and Methods
Surface Preparation. Glass. Superclean glass slides (TeleChem International, Sunnyvale, CA) were immersed for 4 h at room temperature in a stirred solution of 2% (v/v) N-(3-triethoxysilylpropyl)-4-hydroxybutyramide (Gelest, Morrisville, PA) in 0.1% acetic acid in 95% ethanol. The slides were then rinsed in 95% ethanol for 15 min. After being rinsed three times in diethyl ether, slides were transferred to a preheated (120°C) oven for a minimum of 2 h, after which time they were cured under vacuum overnight. Slides were stored in a desiccator until ready for use.
Glassy Carbon. Glassy carbon plates (2.5 cm Â 4.0 cm) (Werkstoffe GmbH, Thierhaupten, Germany) were heated to ∼900°C under vacuum and treated with a 13.56 MHz inductively coupled H-plasma for 20 min at 50 Torr to generate a hydrogen-terminated surface. 39 Following hydrogen termination, 40 μL of 9-decene-1-ol (Aldrich, Milwaukee, WI) was placed directly onto the newly hydrogen-terminated surface and covered with a quartz coverslip. The surfaces were irradiated under N 2 purge with a low-pressure mercury vapor quartz grid lamp (λ = 254 nm, 0.35 mW/cm 2 ) for 12 h. After the photoreaction, they were rinsed extensively with ethanol and deionized water, dried under nitrogen, and stored in a desiccator until ready for use.
Amorphous Carbon. The amorphous carbon substrates were prepared on standard glass slides (VWR, PA). Prior to use, glass substrates were rinsed extensively with deionized water and methanol and dried under a nitrogen stream. A 2.0 nm chromium layer followed by a 50 nm gold layer was applied to the substrates using an Angstrom Engineering Å mod metal evaporator (Cambridge, ON). After metal deposition, amorphous carbon thin films (15 nm) were applied to the surfaces by dc magnetron sputtering (Denton Vacuum, Moorestown, NJ). 40 μL of 9-decene-1-ol was placed directly onto the surfaces coated with amorphous carbon and covered with a quartz coverslip. The surfaces were irradiated under N 2 purge with a low-pressure mercury vapor quartz grid lamp (λ = 254 nm, 0.35 mW/cm 2 ) for 12 h. After the photoreaction, the surfaces were rinsed extensively with ethanol and deionized water, dried under nitrogen, and stored in a desiccator until ready for use.
In Situ Oligonucleotide Synthesis. Oligonucleotide synthesis reagents activator (0.25 M 5-benzylthio-1H-tetrazole in anhydrous acetonitrile), dry wash (acetonitrile), amidite diluent (acetonitrile), and deblocking mix (3% dichloroacetic acid in dichloromethane (3% DCA/DCM)) were purchased from Glen Research (Sterling, VA); oxidizer solution was purchased from EMD Chemicals (Gibbstown, NJ); and exposure solvent was purchased from Roche NimbleGen (Madison, WI). All anhydrous reagents were kept over molecular sieves (AldraSORB water trapping packets, Aldrich, Milwaukee, WI). All NPPOC-protected phosphoramidites [5
0 -β-cyanoethylphosphoramidite (NPPOC-dG)] were manufactured by Proligo Biochemie GmbH (Hamburg, Germany) and purchased from Roche Nimblegen. NPPOC-phosphoramidites were diluted (1 g in 60 mL) with amidite diluent. Cy3 phosphoramidite and 5 0 -dimethoxytrityl (DMT)-dThymidine 3 0 -β-cyanoethylphosphoramidite (DMT-dT) were purchased from Glen Research.
Light-directed photolithographic synthesis was performed as described in detail elsewhere. 30, 31, 36 Briefly, a digital micromirror-based Maskless Array Synthesizer (MAS) was connected to a Perspective Biosystems Expedite Nucleic Acid Synthesis System (Framingham, MA). Oligonucleotide synthesis was carried out in a base-by-base manner using a modified DNA synthesis procedure, where the removal of the protecting group was achieved by irradiation with 5.0 J/cm 2 of 365 nm light from a 350 W mercury arc lamp (Newport, Stratford, CT), the power of which was fixed at 100 mW/cm 2 at 365 nm. Addition of NPPOC-protected phosphoramidites proceeded as follows: (a) After condensation of the previous NPPOCprotected base to the growing DNA strand, the synthesis flow cell was flushed with 500 μL of exposure solvent. 0 -NPPOC-protected amidites underwent a 60 s coupling step. (e) After amidite coupling, the array was washed with acetonitrile (∼100 μL) and either oxidized by flushing the cell with oxidizer solution (∼500 μL) or subjected to the next addition. The oxidation of the backbone phosphine groups was performed after every fourth coupling step and at the end of the synthesis, rather than at every coupling step. (f) After synthesis was complete, the nucleoside bases were deprotected in 1:1 ethylenediamine: ethanol solution (EDA/EtOH) at room temperature for 2 h.
Surface Oligonucleotide Density Control. Photodeprotection Dose. Scheme 1 illustrates a typical strategy for controlling the photodeprotection ratio of the NPPOC-protected surface. Fifteen Ts were first synthesized on the functionalized glass slides using the standard light-directed synthesis protocol described above. A digital mask as shown in Scheme 1B was employed during synthesis. The black area in the image indicates light that is blocked by the DMD, while the white areas show the regions of illumination. The removal of the NPPOC group for the first 14 Ts was achieved by 5.0 J/cm 2 irradiation from a 350 W mercury arc lamp (50 s, 100 mW/cm 2 ). For the deprotection of the 15 Ts, a set of 15 digital masks was displayed in a predetermined order and for a predetermined duration as shown in Scheme 1A. This process generated an array of stripes with a gradient of increasing/decreasing exposure dose ranging from 0.2 to 7.5 J/cm 2 (increasing in the first and third rows, decreasing in the second and fourth rows) and therefore increasing/decreasing the extent of deprotection. After this series of deprotection steps, the final pattern as shown in Scheme 1B was "stained" by coupling the Cy3 phosphoramidite or "capped" by coupling the DMT-dT phosphoramidite (Figure 1 ).
Fluorescence Labeling and Imaging. The free hydroxyl groups produced on the glass surface after light-directed removal of the NPPOC groups were terminally labeled by coupling with a Cy3 phosphoramidite/DMT-dT phosphoramidite mixture (5 mM Cy3 phosphoramidite in amidite diluent containing 45 mM DMT-dT phosphoramidite). This dilution of the Cy3 phosphoramidite reduces fluorescence quenching due to dye-dye interactions on the surface. 40, 41 The mixture was subjected to two 300 s coupling steps. The DMT and Cy3 monomethoxytrityl (MMT) protecting groups were then removed by pumping 3% DCA/DCM through the flow cell. The slides were then soaked in a solution of 1:1 EDA/EtOH solution at room temperature. After a 30 min incubation period, the terminally Cy3 labeled slides were rinsed with ethanol and water and dried with nitrogen. The surface fluorescence was imaged in 1Â SSPE buffer (10 mM NaH 2 PO 4 , 0.15 M NaCl, 1 mM EDTA, pH 7.4) using a Genomic Solutions GeneTAC UC 4 Â 4 scanner (Ann Arbor, MI).
DMT-dT Capping. The free hydroxyls generated by photoremoval of NPPOC groups were subjected to DMT-dT phosphoramidite (67 mM DMT-dT phosphoramidite in amidite diluent) capping. Two 60 s coupling steps were employed to eliminate noncapped hydroxyl groups on surfaces. Then a 5.0 J/cm 2 UV irradiation was used to remove remaining NPPOC groups, exposing hydroxyl groups which provided Scheme 1. Serial Photodeprotection of NPPOC-Protected Surface a a (A) A set of 15 digital masks were displayed serially for a predetermined duration. The first bar in the upper left corner was never illuminated in this deprotection series, the second bar in the first row from left was exposed for 2 s, the third bar for 2 + 2 = 4 s, the fourth bar for 2 + 2 + 2 = 6 s, ..., the 15th bar for 2 + 2 + 2 + ... + 7 + 10 + 12 = 57 s, and the 16th bar for 2 + 2 + 2 + ... + 7 + 10 + 12 + 18 = 75 s. (B) A digital mask employed for DNA synthesis. DNA synthesis only occurs in the white areas where UV light is reflected from the digital micromirror device. This is also the final deprotection pattern after the deprotection series. The numbers shown indicate the UV illumination time for each bar. a starting point for subsequent light-directed synthesis of the remaining 19 bases of oligonucleotide 1. DMT groups which remained on the surfaces were removed by 3% DCA/DCM at the end of the synthesis. The slides were then soaked in 1:1 EDA/EtOH solution at room temperature for 2 h before hybridization.
DNA Hybridization and Imaging. Fluorescently tagged oligonucleotide 2, complementary to oligonucleotide 1, was purchased from IDT (Coralville, IA; see Table 1 for all oligonucleotide sequences). All arrays were hybridized by placing 50 μL of the fluorescently tagged complement (1 μM in 1Â SSPE buffer) on the surface, covering with a coverslip, and incubating for 30 min in a humid chamber. Nonspecifically bound DNA was removed by incubating the surface in 1Â SSPE buffer at 37°C for 10 min. Arrays hybridized with fluorescein-labeled complementary strands were imaged in 1Â SSPE buffer.
Results and Discussion
Hydroxyl groups are the initiation sites for light-directed DNA synthesis on both glass-based and carbon-based substrates. 36, 42 Accordingly, varying the density of surface hydroxyl groups controls the density of sites available for phosphoramidite coupling on surfaces. The central idea of the work presented here is to control surface oligonucleotide density by using the UV irradiation dose to manipulate the density of free surface hydroxyl groups. Figure 1 shows a schematic diagram of the strategy employed. We generally utilize a dT 15 spacer for all surface oligonucleotides, as such a spacer is necessary for optimum hybridization efficiency on surfaces.
43-45 Such a 15 T spacer is first synthesized at all accessible sites on the substrate using standard NPPOC-amidite chemistry. A subset of the terminal NPPOC groups on the 15th T is then removed by UV exposure and capped with DMT-dT phosphoramidite. Those probes on the surface with NPPOC protecting groups are available for reaction in the next round of lightdirected synthesis, while those probes capped with nonphotolabile DMT groups are no longer available. In this manner, the density of probes synthesized on the surface (starting after the 15th T of the polyT spacer) may be controlled.
The density of surface hydroxyl groups was monitored by reacting the dT 15 -modified surface with the phosphoramidite derivative of the fluorescent dye Cy3 as described in the Materials and Methods section. The Cy3 phosphoramidite is diluted 1:10 with a DMT-dT phosphoramidite to reduce surface quenching effects.
40,41 Figure 2A shows an example of the results obtained when the UV exposure time is systematically varied from 0 to 75 s. As shown in Figure 2B , the resultant fluorescence intensities are described well by a firstorder exponential with a rate constant k of 0.091 s -1 (half-life of 7.6 s), as expected for a simple first-order deprotection reaction. The range of exposure values below ∼40 s (4.0 J/cm 2 ) is the region within which it is possible to control the density of surface hydroxyl groups by varying exposure time. A similar value for the exposure dose needed for complete deprotection was obtained in previous studies. 36 Figure 2B shows that the density of surface sites is readily controlled over approximately an order of magnitude by variation of the exposure dose. For example, 80%, 60%, 40%, and 20% relative densities are obtained with exposure doses of 0.4, 0.7, 1.0, and 1.7 J/cm 2 , respectively. If the exposure dose is increased to 2.2 J/cm 2 , a surface density of only 10% of the original full coverage is obtained. Figure 1 . Schematic of the Cy3 terminal labeling and density control on in situ synthesized DNA arrays. NPPOC groups are partially deprotected by UV irradiation after 15 Ts were synthesized on the substrates. Cy3 phosphoramidite is coupled to the surface to monitor the percent of hydroxyl groups remaining after photodeprotection. DMT-dT phosphoramidite is used to cap newly exposed hydroxyl groups. Subsequent DNA synthesis is at reduced oligonucleotide densities as fewer NPPOC-protected sites are available. After the synthesis is complete, 3% DCA/ DCM is used to remove DMT groups. In addition to the above characterization of the number of reactive surface hydroxyls present on the surface after various exposure times, we also wished to determine the relationship between the exposure dose and the eventual density of hybridizable oligonucleotides ("hybridization density") fabricated on the surface. This measurement was done by hybridization of a fluorescently labeled complement to the DNA array, followed by fluorescence imaging. A dT 15 spacer was synthesized at full density, and variable exposure doses for the 15th dT were employed to vary the density of surface hydroxyl groups. DMT-dT phosphoramidite was then used to cap the newly exposed hydroxyl groups. Subsequent synthesis occurred only on the noncapped (NPPOC-protected) oligonucleotides. The remaining 19 bases of oligonucleotide 1 were then synthesized. After synthesis of oligonucleotide 1 at different densities was complete, the slides were hybridized with fluorescein-tagged complementary strands (oligonucleotide 2) and scanned under buffer. The results are shown as hybridization fluorescence images in Figure 3A and in graphical form in Figure 3B . These measured hybridization fluorescence intensities were averaged and normalized as described for the terminal Cy3 labeling experiments. As seen in Figure 3B , the plot of normalized hybridization fluorescence intensities (1) matches very well with the relative probe densities derived from the terminal fluorescence labeling experiments (9), indicating that the hybridization efficiency was approximately constant for all probe densities. This result is not surprising, as previous work from our laboratory has shown the density of hybridizable sites on the glass surfaces employed for these experiments to be about 2.7 Â 10 12 molecules/cm 2 , 36 and it has been shown that at surface densities in that range essentially 100% of probes can be hybridized. 24, 46 In contrast to previously described strategies for the control of surface oligonucleotide density, which generally depend upon the immobilization or synthesis conditions employed, surface oligonucleotide density in the approach presented here is determined solely by the NPPOC deprotection efficiency, which in turn is determined by the UV irradiation dose. This suggested that the same approach would work equally well for the control of oligonucleotide density on a variety of surfaces other than the glass substrates employed for the experiments presented above. Accordingly, we evaluated two other surfaces: glassy carbon and amorphous carbon deposited as a thin film on a gold sublayer. 42 Unlike glass substrates, which are modified using reactive silane reagents dissolved in organic solvents, carbon substrates may be functionalized by UV-light-mediated reactions with alkenes, yielding carbon-carbon bonds between the surface and the molecule of interest. 37 Biomolecular arrays prepared on such carbon-based substrates offer superior stability compared to their glass counterparts under a variety of conditions. 36, 42 Figure 4 shows the results of hybridization fluorescence intensity studies identical to those of Figure 3B , but on the two carbon-based substrates. The hybridization observed for the glassy carbon substrate is indistinguishable from that obtained on glass. The results obtained from the amorphous carbon substrate were also quite similar but deviated somewhat at higher surface coverages. The small difference observed in hybridization intensity as a function of exposure time for the amorphous carbon substrate compared with the glass and glassy carbon substrates is likely due to two factors: first, the probe density is higher on amorphous carbon than on the two other substrates (data not shown); second, the hybridization efficiency is lower at higher probe density;that is, a smaller fraction of sites are occupied by complements in a given time period. These two factors cause a more gradual decrease in the hybridization intensities for the amorphous carbon surfaces.
Summary
We present here a study using UV irradiation on NPPOCprotected oligonucleotide building blocks to control surface oligonucleotide densities on light-directed synthesized DNA arrays. Unlike most density control strategies which involve time-consuming immobilization or synthesis condition adjustment and optimization, in this approach surface oligonucleotide density could be controlled over an order of magnitude with good reproducibility by simply adjusting the UV irradiation dose. This approach is readily applicable to other light-directed synthesis-compatible substrates.
